(Received 17 May 2016; accepted 3 July 2016; published online 19 July 2016) Narrow-band terahertz emission from coherently excited spin precession in metallic ferrimagnetic Mn 3-x Ga Heusler alloy nanofilms has been observed. The efficiency of the emission, per nanometer film thickness, is comparable or higher than that of classical laser-driven terahertz sources based on optical rectification. The center frequency of the emission from the films can be tuned precisely via the film composition in the range of 0.20-0.35 THz, making this type of metallic film a candidate for efficient on-chip terahertz emitters. Terahertz emission spectroscopy is furthermore shown to be a sensitive probe of magnetic properties of ultra-thin films. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4958855] Terahertz (THz) emission spectroscopy is a technique based on coherent detection of flashes of THz light emitted when intense ultrashort photon pulses interact with matter. The first demonstration of radiation emitted in this way was in 1990 when it was observed as a result of free carrier excitation and optical rectification in semiconductors. 1 The emitted pulses were broadband, single-cycle THz transients. The emission spectrum is governed by the laser pulse duration, carrier relaxation time, phonon absorption, and/or the electro-optical coefficients.
Since then, a multitude of materials has been investigated with the aim of increasing the efficiency of THz generation and optimizing the emission spectrum. In 2004, it was discovered that laser-driven demagnetization processes can give rise to broadband, single-cycle THz pulse emission. 2, 3 In that case, the spectrum of the emitted burst carries information on the time-scale of the demagnetization process, making THz emission spectroscopy a powerful diagnostic technique for studying laser-driven non-equilibrium dynamics in matter. Then, in 2013, the method was successfully applied to determine the duration of ultra-fast laser-driven spin currents. 4 Most recently, two groups have succeeded in detecting narrow-band emission from spin waves in ferrimagnetic bulk insulators. 5, 6 In this letter, we report on the observation of narrowband laser-driven emission from ultra-thin, metallic, ferrimagnetic films. Furthermore, we demonstrate that THz emission spectroscopy is a competitive technique to measure magnetic properties of ultra-thin films.
The samples studied belong to the D0 22 class of tetragonal Mn-rich Heusler alloys Mn 3-x Ga, [7] [8] [9] [10] which have recently attracted considerable attention due to their unique combination of low saturation magnetization, high spin polarization, high magneto-crystalline anisotropy, and low magnetic damping. [11] [12] [13] In Mn 3-x Ga, these properties are easily tuned by varying the Mn content, which modifies the center frequency of the narrow-band THz emission via the sublattice magnetizations and anisotropies.
Our experimental set-up is shown in Figure 1 (a). The samples are irradiated at normal incidence with unfocussed pulses from a laser-amplifier system with a wavelength of 800 nm and a repetition rate of 1 kHz. The laser pulse duration of 100 fs is much shorter than the period of the emitted THz bursts enabling fully coherent emission. The emitted radiation is detected in the backward direction. Our detection principle for the emitted light pulses is based on electrooptic sampling in a 2 mm thick ZnTe crystal; 14 a small portion of the excitation pulses is split-off by a dichroic mirror (DM) acting as a 1:1000 beam splitter. Electro-optical detection enables the removal of any thermal background from the measurement and hence allows extremely weak pulses to be observed. Our frequency range is limited to below 2 THz by the phase matching between THz and near infrared (NIR) laser wavelengths in the ZnTe crystal. All measurements were done in ambient conditions. Thin films of three different alloy compositions-Mn 2 Ga, Mn 2.5 Ga, and Mn 3 Ga-were grown by magnetron sputtering on heated MgO substrates in a fully automated "Shamrock" deposition tool with a base pressure of 1 Â 10 À8 Torr; the optimal deposition temperature of the substrate was found to be 350 C. Mn 3 Ga and Mn 2 Ga samples were grown from stoichiometric targets at a power of 30 W for 40 min, while Mn 2.5 Ga was grown by co-sputtering from the Mn 3 Ga and the Mn 2 Ga targets at equal power of 20 W for 30 min. 7, 10 The crystal structure was determined by X-ray diffraction. All three films crystallize in the tetragonal D0 22 structure (space group 139), illustrated in Fig. 1(b) . Mn in the 4d positions, couples ferromagnetically to each other, while the 4d and 2b magnetic sublattices are strongly antiferromagnetically ). 9 As the composition of the films is varied from x ¼ 0 to 1 (from Mn 3 Ga to Mn 2 Ga), Mn is primarily lost from the 2b position. Hence, the net magnetization increases with increasing x, and there is no compensation composition. Simultaneously, ions with in-plane anisotropy are replaced by vacancies, so that the net magnetocrystalline anisotropy increases.
Saturation magnetization (M s ) and coercivity (l 0 H c ) were determined by vibrating sample magnetometry (VSM). However, the magnetic anisotropy field, l 0 H k , exceeds the field available in our magnetometer, so it was not possible to saturate the magnetization in the plane of the films. l 0 H k is usually determined by extrapolation, 15 but other techniques such as anomalous Hall effect, 16 electron spin resonance (ESR), 17 or dynamic all-optical MOKE/Faraday measurements 11 can also be used. The two latter methods relate the resonance frequency to the magnetic properties via the Kittel formula. 18 In ferrimagnetic materials, where the two sublattices have different magnetizations and anisotropies but are strongly coupled to each other by exchange, one expects two fundamental modes: one where the two sublattices process out-of-phase and one where they remain in-phase. Due to the antiferromagnetic exchange coupling, we expect the out-ofphase mode to have lower energy and frequency. Describing the ferrimagnet as a system of two exchange-coupled ferromagnetic layers an expression relating the out-of-phase mode to the properties of each sublattice can be derived at zero external field (see supplementary material for details)
where c eff is an effective value of the gyromagnetic ratio, l 0 H k is an effective perpendicular anisotropy field, which depends on the sub-lattice anisotropy and magnetizations of both sublattices. M s is the net saturation magnetization (M 4d À M 2b ). These values and hence the resonance frequency can be controlled via the films' stoichiometry. Using previously obtained data from neutron scattering measurements on bulk Mn 3 Ga samples, 9 the frequency of the out-phasemode in Mn 3 Ga is predicted from Eq. (1), to lie in the region of 0.35 THz. This is at the same time the highest frequency expected in Mn 3-x Ga thin films. Due to the loss of Mn from the 2b sites when x ¼ 1, the lowest frequency should be observed for Mn 2 Ga. Assuming that the Mn on the 2b sites is completely lost, the low frequency limit is estimated to be 0.12 THz. The frequency tunability is limited in both directions by the eventual loss of the tetragonal D0 22 structural phase. Note that the in-phase mode, due to the extremely large exchange fields in the system, should exhibit higher frequencies which could reach values in excess of 4 THz in Mn 3 Ga.
The process of THz emission from coherent spin precession can be understood as follows. The 100 fs NIR laser pulse leads to both ultrafast demagnetization and a sudden change of the easy axis of the magnetic system. 19 This in turn produces a coherent precessional motion of the net magnetization M around the easy axis with a frequency f res,exc that converges towards the frequency f res given in Eq. (1) for low excitation fluences. In the case of strong, easy-c-axis, magnetocrystalline anisotropy, the tip of the magnetization vector oscillates around the crystallographic c-axis, corresponding to the x-y plane in our experimental geometry shown in Fig. 1 . A small external field is applied in the x-direction in order to synchronize the precession of the spins after the ultra-fast perturbation allowing for the emission of a coherent wave. The emitted electric field due to both demagnetization and spin precession can be expressed as 6, 20, 21 As can be seen from Eq. (2), it is proportional to the second derivative of M. This implies the following: the electric field vector of the wave originating from the precession of the out-of-phase mode is oriented perpendicular to M and lies in the (x-y) plane. This wave therefore propagates in the z direction, normal to the film surface, and the electric field component along the y-axis is E y $ A 0 e Àdt sinð2pf res;dyn tÞ;
where A 0 is the initial deflection of M caused by the laser excitation and d is the damping of the precessional motion.
It is interesting to note that THz emission spectroscopy probes the in-plane components, making it complementary to Faraday effect measurements, which probe the out-ofplane component. THz emission measurements for the three different compositions are shown in Fig. 2 . The laser excitation fluence in all measurements was 0.1 mJ cm
À2
. The observed center frequency depends on composition and shifts from 0.205 THz for Mn 2 Ga to 0.352 THz for Mn 3 Ga. The frequency resolution in the intensity spectra shown in Fig. 2 is defined by the time-window in the time-domain measurements and does not represent the natural bandwidth of the emission (see supplementary material for details). The phase of the emitted coherent THz transient can be reversed by the sign of an in-plane external magnetic field (see inset of Figure 2(a) ) proving that the emission is of magnetic origin. We estimate the resonance frequency f res under equilibrium conditions from a detailed analysis of the effect of excitation fluence ( Fig. 3(a) ). The center frequencies are determined, for each excitation fluence, by fitting a damped sine function to the measurements (see supplementary material for details). Below 0.5 mJ cm
, the resonant frequency decreases linearly with increasing fluence. Even the comparatively moderate fluence of 0.1 mJ cm À2 leads to a lowering of the observed "dynamic" center frequency f res,dyn possibly due to heating. The extrapolated frequency at zero excitation will be used as an approximation for f res at equilibrium (see Table I ). Another approach that allows direct measurement of the quasi-equilibrium frequency is THz-driven transient Faraday probe measurements, where the magnetic field of the THz pulse couples directly to the spins via the Zeeman-torque. 22 We were able to drive the same mode in the Mn 3 Ga film selectively by resonant THz excitation. The spectral densities, orders of magnitude higher than those available from tabletop sources, 23 made it possible to detect the minute Faraday rotation signal (green solid line, Fig. 2(c) ). The absorbed energy goes predominantly into excitation of the coherent spin precession, so that heating and off-resonant excitation is minimal. The derived frequencies should therefore À2 and in a small external magnetic field ranging from 100 to 400 mT, oriented parallel to the sample surface, along the x-axis. The inset of (a) shows the time-domain waveforms for an applied field of 100 mT, directed along þx and Àx, respectively. The phase shift between the two is 180 , proving their magnetic origin. Also shown in (c) is a Faraday measurement of the resonance driven by direct THz excitation with an intense quasi-cw narrow-band THz source 23 (green solid line).
correspond better to the equilibrium value. We find that the frequency derived from THz-driven transient Faraday rotation is slightly higher than the value inferred from linear extrapolation of the emission measurements, in qualitative agreement with the above discussion.
Although ferrimagnetic materials like Mn 3-x Ga should exhibit two different fundamental magnetic modes, we have only been able to observe emission from the lowerfrequency, out-of-phase mode. In Table I , we give the effective anisotropy field as observed by THz emission, calculated using Eq. (1), M s and f res . The derived values range from roughly 8 T for Mn 2 Ga to 13 T for Mn 3 Ga in good agreement with literature values. 7, 10 Most laser-based sources in the lower THz frequency range are broadband emitters. The narrow bandwidth and the tunability of the center frequencies make Mn 3-x Ga films an interesting alternative. Assuming that the emitted THz field is proportional to the initial laser-induced deflection of M, the emitted THz power should scale with the square of the excitation fluence. At high fluences, one expects to reach saturation, due to heating and subsequent loss of magnetization. In Fig. 3(b) , we show the normalized emission power as a function of the excitation fluence. Quadratic behavior is indeed observed for Mn 2 Ga and Mn 2.5 Ga, but emission from Mn 3 Ga seems to reach saturation as early as 0.5 mJ cm
. In order to compare the efficiency of the emission to existing THz emitters, the emission of the Mn 3-x Ga samples has been measured at a fluence of 0.5 mJ cm
, one after the other followed by a measurement of the emission of a 100 lm thick ZnTe crystal. We find that the Mn 3-x Ga emission per nanometer film thickness exceeds that of ZnTe in their respective narrow frequency band (Table I) , by a factor of almost ten. Due to the pulsed nature of the excitation and the very thin films, the emitted average power is too low to be measured directly. It can however be approximated from the sampled electric field transients. We find for all the investigated Mn 3-x Ga films average powers in range of few hundred femtowatt (fW) to a few picowatt (pW). At the present stage, no clear systematic correlation between the film stoichiometry or deposition conditions and the emitted THz power could be found that would allow to speculate on how the THz emission can be optimized by the growth parameters. However, optimizing the emitter geometry by, for example, growing multi-layer stacks of nanofilms would potentially increase the output power by orders of magnitude, as has been shown for stacks of intrinsic Josephson junction emitters. 24 To summarize, we have demonstrated narrow-band THz emission from an ultra-thin, ferrimagnetic metallic film. The observed bandwidth of the emission is between 6% and 9% and hence considerably larger than the one found for low temperature intrinsic Josephson junctions THz emitters 24 which operate in a similar frequency range. The emission frequency can be tuned via the Mn-content, in agreement with earlier work based on transient Kerr measurements. 11 The efficiency of this type of spintronic emission is, within the narrow emission bandwidth, comparable or even up to an order of magnitude greater than that of classical ZnTe emitters based on optical rectification. 25 This makes Mn 3-x Ga thin films interesting candidates for narrow-band, on-chip, spintronic emitters in the sub-THz frequency range. Heuslertype alloys may furthermore be integrated as free layers in spin-transfer-torque driven oscillators. 26, 27 This could propel such devices into the terahertz regime, combining the high tunabilty and output power of spin-torque oscillators 28 with the ultra-high frequency intrinsic to the materials analyzed here. Further increase of the resonance frequencies may be achieved by alloying different tetragonal Heuslers or by atomic substitution. In order to derive quantitative values of the sublattice anisotropies, magnetizations, and interlayer exchange field, an extensive analysis of the field dependence of the frequency is required. THz emission spectroscopy is complementary to neutron scattering as it provides the sensitivity to investigate films only a few nanometer thick. It is closely related to all-optical, time-resolved Kerr/Faraday effect measurements and provides access to in-plane magnetization components during precession.
Our work opens the prospect of applying THz emission spectroscopy as a routine analytical tool for determining equilibrium magnetic properties. To this end, direct, selective, coherent THz excitation of the fundamental magnetic resonances may be a crucial next development. 5, 22, 23 See supplementary material for more detailed information on: (i) the theoretical description of the ferrimagnetic system by means of two exchange coupled ferromagnetic sub-lattices and (ii) the analysis of the experimentally derived THz emission data. 
